Influence of whole-body vibration on reaction times was studied on a specially developed rig, with the subjects being exposed to no vibration, and vibration frequencies of 1, 5, 20 and 50 
BACKGROUND
The term whole-body vibration (WBV) represents the low-frequency mechanical oscillations transmitted from a vibrating surface to the human body through a broad contact area. As with most types of vibration, WBV can be useful and harmful.
WBV is considered useful when used in vibration training, where controlled short term (<30 min), low-amplitude (<10 mm) and low-frequency (<65 Hz) oscillations are transmitted to the human body in the treatment of osteoporosis, sarcopenia and metabolic syndrome. This type of training is also used for physical therapy, rehabilitation, in professional sports, as fitness exercise and for beauty and wellness applications [1] .
Analogously to the negative effects of vibration on machinery [2] , vibration exerts negative effects on operators of heavy machinery and drivers of tractors, freight and passenger vehicles, mostly in the form of occupational WBV. The most reported negative effects of such sporadic vibration acting in longer periods of time are fatigue, low-back pain (LBP) and vision problems. WBV can also negatively affect lung, abdomen, bladder and digestive and genital/urinary systems.
It is estimated that in Canada, USA and some European countries 4-7% of employees are exposed to potentially harmful levels of WBV [3] . Beside the effects on LBP [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] , it is shown that WBV can alter the peripheral nervous system function, lead to visual and vestibular disturbances (motion sickness, dizziness, disturbed balance), as well as the prostate and gastrointestinal problems [14, 15] .
The increased muscle activity necessary to dampen the vibration [16] lead to muscle fatigue which affects the neuromuscular coordination [17] . It is reported that decrease in balance due to WBV exposure can be a contributing factor to falls of operators while exiting the vehicles [18] and also one of the factors leading to quad bike loss of control events in agriculture [19] . Directive 2002/44/EC [20] defines WBV as "the mechanical vibration that, when transmitted to the whole body, entails risks to the health and safety of workers, in particular lower-back morbidity and trauma of the spine". The directive establishes the obligation of employers to assess the WBV. It defines daily exposure limit value standardised to an eight hour reference period as 1.15 m/s 2 and daily exposure action value standardised to an eight hour reference period as 0.5 m/s 2 . Member state can, as alternative, choose a vibration dose value of 21 m/s 1.75 as a limit value, and 9.1 m/s 1.75 as an action value. If action values are exceeded, the employer is obligated to take the measures to reduce the exposure by introducing other working methods, choosing the appropriate work and auxiliary equipment, choosing the appropriate maintenance programme, changing the design and layout of workplaces and work stations, providing adequate training, limiting the duration and intensity of the exposure, accepting the appropriate work schedules with adequate rest periods and providing the clothing to protect exposed workers from cold and damp. The effects of vibration on interference with the proper handling of controls or reading of indicators are also the subject of this directive. Popović et al. [21] research the maintenance aspects by using risk-decision factors. Figure 1 shows the WBV limit values defined in ISO 2631-1 [22] . This standard also defines the means to assess the WBV. It divides periodic, random and transient WBV in two groups according to frequency range: 0.5-80 Hz and 0.1-0.5 Hz, the first group being influential on health, and the second on motion sickness. 
NEGATIVE EFFECTS OF WBV ON REACTION TIMES
In addition to potentially serious health consequences related to prolonged exposure to WBV, fatigue is another aspect studied by many authors [23] [24] [25] . However, WBV have not only health and fatigue consequences, it has been documented that reaction times are also influenced. The time between stimulus and response is composed of time needed for mental operations and time needed for physical operations [26] , and WBV can prolong the reaction time by acting on both the mental and the physical abilities. Previous studies [27] [28] [29] [30] clearly demonstrate negative effects of WBV on various aspects of cognitive performance, memory and learning.
In one of the studies [31] , the individual and combined effects of noise and WBV at various intensity levels on cognitive performance and subjective experience of 55 subjects were examined. During each environmental exposure, short-term memory performance was tested with a visual Sternberg paradigm. After each environmental exposure, subjects rated the difficulty of the task and the annoyance level of the exposure. The results of this study showed that there is no significant effect of environmental exposure on reaction times. However, subjects rated annoyance in vibration conditions as 2.44 out of 10, with standard deviation (SD) of 1.61. This is compared to 0.93 (SD 1.26) with no vibration, and difficulty as 2.88 (SD 1.14) compared to 2.22 (SD 1.65).
It is shown that WBV of 16 Hz frequency and 1 m/s 2 amplitude significantly decreases short-term memory performance [29] . WBV can also change the sensitivity of proprioceptive organs, causing neuro-motor habituation or adaptation [32] [33] [34] [35] . The acute effects of WBV on directionality and reaction time latency of trunk muscles were the subject of one study [36] , and the results emphasised the importance of rest. An increase of electromyography latency of trunk muscles for 68.7 ms on average was measured in the vibration condition compared to non-vibration condition. Another study [37] investigated the influence of different sitting postures during work on reaction time and perceived workload of 21 subjects exposed to [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Hz random WBV in vertical and longitudinal directions. Subjects had to complete a choice reaction time task while seated in different posture conditions and NASA task load index workload assessment after the task. Measured mean reaction time during vibration was 700 ms compared to 555 ms in non-vibration condition with no armrest in upright seating position and 625 ms compared to 575 ms with armrest in upright seating position.
REACTION TIME STUDIES

Aim and objectives
Following such an overwhelming evidence of negative consequences of WBV, a research programme has been devised to better understand WBV influence on safety. Initially, the aim was set to investigate how WBV of four different frequencies (1, 5, 20 and 50 Hz) affect the reaction time to sound and visual stimuli. To provide a reference reaction time values, reaction times were measured with subject not exposed to WBV.
The frequencies were selected to cover a wide range, with particular attention on 5 Hz, since previous studies [38] [39] [40] found primary resonance frequency of seated subject in the range of 4 to 6 Hz.
The reaction time measurements also included another test, when subjects were not exposed to WBV but have just consumed one alcoholic drink.
Equipment
For the purpose of this study, a dedicated test stand was designed and built, as schematically shown in Figure 2 . It consists of a seating platform with mechanical vibration exciter. Audio and visual stimuli are provided using computer monitor and headphones, with the reaction exerted over a hand command. An accelerometer mounted within the seat, combined with a control and acquisition systems, ensured that desired frequencies and amplitudes are achieved.
The subject is seated in upright position with no backrest or armrest, and with legs hanging. When needed, sinusoidal vibration was exerted on sitting platform by mechanical exciter shown in Figure 3 . It consists of a frame (1), electric motor (2) powering the flywheels (3) via belt (4). Force transducer (5) was used in the process of rig development but is was concluded that this signal is not required during the tests. Frequency regulator (6) was used to change the angular velocity of the motor, which determined the vibration frequency, while the amplitude was set by changing the imbalance masses attached to the flywheels.
Once set-up, the control of the rig was entirely automatic, from generating visual and sound stimuli to measuring and recording reaction times. 
Methodology
The experiments were set up to measure the reaction times when the subject is exposed to:
1. sound stimuli; 2. visual stimuli. In both cases, the following test conditions were simulated:
a. The subject is not exposed to WBV; b.-e. The subject is exposed to four discrete frequencies of 1, 5, 20 and 50 Hz. In all four cases the vibration amplitude was set to 2.4 m/s 2 rms; f.
the subject is not exposed to WBV but has just consumed 0.3 ml of alcohol per 1 kg of body mass (approximately one alcoholic drink). Subjects were asked to come to the laboratory twelve mornings in a row and take a 30 minutes long test, the sequence being as follows: 0 Hz audio, Reaction times to 5 consecutive audio or visual stimuli were measured at the start of every 30 minutes long period and afterwards at the end of every minute. The values were obtained as the time needed for subject to react -press the hand command (a button) after a stimulus (audio or visual) was given.
Sound and visual stimuli
Sound stimulus was based on a guidelines [41] -a triangle wave sound with a frequency of 500 Hz and intensity level of 100 dB(A) was emitted. Audio signals were transmitted to the subjects through the headphones. Visual stimulus consisted of changing the colour of full 15'' monitor screen at a distance of half a metre from subject's eyes from black (RGB: 0, 0, 0) to green (RGB: 0, 255, 0). During the visual stimuli tests, subjects were equipped with the noise-protection headset to exclude the effects of noise arising from the exciter.
Subjects
Experiment was conducted on fifty healthy male subjects, all students of mechanical engineering. The main characteristics can be summarised as:
 Mean age: 21.8 years (standard deviation 1.6);  Mean weight: 80.7 kg (standard deviation 8.1);  Mean height: 179.9 cm (standard deviation 5.9). All subjects were informed of the experimental protocol and potential risks. They were all volunteers and could leave the experiment at any time (though all stayed throughout the tests). Table 1 shows mean reaction times and standard deviation values at the beginning (0 min), in the middle (15 min) and at the end (30 min) of every audio test. The results are graphically presented in Figure 4 .
RESULTS
Reaction times to audio stimulus
The obtained reaction times and trends are very consistent -the influence of fatigue (elapsed time) and frequencies is very pronounced.
When comparing the change in reaction time with elapsed time, across all frequencies, the trends are consistent. Reaction times increase due to fatigue. For example, with no WBV (0 Hz), initially the average reaction time is 277 ms, which increase to 282 ms after 15 minutes, then to 288 ms after 30 minutes. This represents an increase of the reaction time by 11 ms after 30 minutes. During the same period, at 1 Hz WBV, increase is more pronounced, at 38 ms (from 289 to 327 ms). At 5 Hz WBV, the increase is similar but only slightly lower at 35 ms (from 325 to 360 ms). At 20 Hz WBV, the increase in average reaction time remains at 35 ms (from 310 to 345), and only slightly increases at 50 Hz WBV, to 36 ms (from 301 to 337).
As regard to standard deviation values, they also increase with the elapsed time, the lowest being at 0 Hz, with only 2 ms increase (from 35 ms to 37 ms) within 30 minutes period. The standard deviation values increase initially become larger at higher WBV frequencies, at 1 Hz by 24 ms (from 39 ms to 63 ms) reaching highest increase at 5 Hz, at 29 ms from 66 ms at the beginning of the test, to 95 ms at the end. At higher frequencies, the increase is more moderate and very similar, at 20 Hz standard deviation increase is 23 ms (from 51 ms to 74 ms) and at 50 Hz an increase of 24 ms is recorded (from 43 ms to 67 ms).
When comparing reaction times at different frequencies, 0 Hz clearly shows shortest times at 277 ms average, at the beginning of the tests. This increases by 12 ms at 1 Hz, then by further 36 ms at 5 Hz, then drops by 15 ms at 20 Hz, and further 9 ms at 50 Hz. That means, when comparing with no vibration, the increase in reaction time is 48 ms at 5 Hz, and 24 ms at 50 Hz. The differences are even more pronounced as time elapses, at the end, after 30 minutes, at 1 Hz WBV the increase is 39 ms when compared to no vibrations. Again, the highest difference (to no vibration) is recorded in relation to the 5 Hz, being 72 ms.
Similarly, standard deviation values are lowest at no vibration tests and highest at 5 Hz, with the differences being 31 ms higher at the beginning of the tests (being 35 ms and 66 ms respectively). The difference increases to 58 ms at the end of the test (being 37 ms and 95 ms respectively).
Interestingly, the increase in reaction time during 30 minutes tests, is smallest after the consumption of alcohol, by only 5 ms, from 285 to 290 ms. These are relatively small increases when compared to the no vibration tests results when no alcohol is being consumed (0 Hz). At the beginning of the test the increase is 8 ms (being 277 ms and 285 ms respectively), which reduces to only 2 ms after 30 minutes (being 288 and 290 ms respectively). Standard deviation values are practically identical for both cases. Such small differences can be explained in various ways -they might be simply the result of particular concentration of subjects, aiming to perform 'at best', knowing that they have consumed alcohol and are being monitored. It is important to point out that the measurements were only conducted with no vibrations.
Reaction times to visual stimulus
Mean reaction times and standard deviation values for visual stimulus tests are presented in Table 2 and Figure  5 . The trends are very similar to audio stimuli, the shortest reaction times and standard deviation values being achieved at no vibration tests (0 Hz) and the highest at 5 Hz. Again, reaction times increase with elapsed time for all frequencies.
Specifically, at no vibration (0 Hz), the average reaction time is initially 209 ms, increasing to 212 ms after 15 minutes and to 222 ms after 30 minutes. That means an increase of 13 ms from the start to the end of the test at this condition. The increase during test at 1 Hz is identical, being also 13 ms, though the corresponding values are higher, 219 and 232 ms. Increase is more pronounced at 5 Hz, the increase is 19 ms, from 255 to 274 ms. At 20 Hz, the average reaction time increases from 232 ms at the beginning of the test to 257 ms at the end, an increase of 25 ms. At 50 Hz, the increase is lower, being 18 ms, from 220 to 238 ms.
Corresponding standard deviation values also increase with elapsed time, by 6 ms at no vibration (from 26 to 32 ms), by 4 ms (from 32 to 36 ms) at 1 Hz, 15 ms at 5 Hz (from 52 to 67 ms). The changes are then less pronounced at higher frequencies, being 8 ms at 20 Hz (47 and 55 ms respectively) and 6 ms at 50 Hz (41 and 47 ms respectively).
When comparing reaction times between frequencies (at identical elapsed times), the results are similar to the audio stimuli, the shortest times are for no vibrations (0 Hz) and longest for 5 Hz. At the beginning of the tests (0 minutes) the increase is 46 ms (from 209 to 255 ms), becoming even higher at 52 ms at the end of elapsed time (30 minutes), rising from 222 ms to 274 ms.
Corresponding standard deviation values are again lowest at 0 Hz and highest at 5 Hz, being about twice higher at 5 Hz.
Interestingly, the increase in reaction time during 30 minutes tests, is smallest after the consumption of alcohol, by only 3 ms, from 223 to 226 ms. However, the average reaction times are longer when compared to the no vibration tests results when no alcohol is being consumed (0 Hz). At the beginning of the test the increase is 14 ms (being 209 ms and 223 ms respectively), which reduces to only 4 ms after 30 minutes (being 222 and 226 ms respectively). Standard deviation values are practically identical for both cases. In general, the results are very similar to the audio stimuli and can be explained in similar ways.
Reaction times: audio vs. visual stimuli
Reaction times showed very similar patterns for both audio and visual stimuli. The shortest times were measured when subjects were not exposed to vibrations (0 Hz) and the longest when the seating platform was vibrating at 5 Hz. In all cases, average reaction times increased with elapsed time. Standard deviation values closely followed such patterns.
When comparing corresponding average response times to audio and visual stimuli, the response to visual stimuli are shorter. This is true for all cases, thought there are some variations in actual values, the differences are quite pronounce, being typically between 60 and 100 ms. Interestingly, reaction times to visual stimuli at the beginning of tests (0 minutes) is 70 to 80 ms shorter for all frequencies. At the end of the test, after 30 minutes, the differences are most pronounced at about 80 to 100 ms, with the slight exception of no vibration case (0 Hz). In this condition, the reaction time to visual stimulus is only 66 ms shorter than for audio stimulus. Standard deviation values are also smaller for visual stimuli, typically over 20 ms, except, again for 0 Hz, when the differences are smaller, with 9 ms difference at the beginning (26 vs. 35 ms) and 5 ms at the end of the test (32 vs. 37 ms).
The effects of alcohol to reaction times were studied before [42] and in this study it was decided to compare them to the effects of WBV. Measured reaction times after consumption of alcohol, when compared to equivalent tests, follow patterns similar to the above described. Both, reaction times and standard deviation values are shorter for visual stimuli.
CONCLUSIONS
Conducted research clearly demonstrates an increase in reaction times with exposure to vibrations. The best, shortest reaction times for both sound and visual stimuli were measured for no vibration of the seating platform, with the most detrimental influence being observed at vibration frequency of 5 Hz. This indicates that most dangerous frequencies are those close to the human body resonance frequencies.
At every frequency, reaction times increased with prolonged exposure. With no exception, the shortest reaction times were measured at the beginning of tests and the longest at the end, after 30 minutes.
The increase in reaction times with elapsed time was typically more pronounced when subjects were exposed to sound stimuli. Equally, under the same conditions, reaction times to sound stimuli were longer than to visual stimuli.
In all cases, changes in standard deviation values follow the same pattern as average reaction times. Subjects tended to make more mistakes producing the reaction times exceeding the mean values up to three times, when exposed to vibration. This can be highly dangerous, since during the operation of machinery or vehicle, one mistake, one late reaction, can be enough to produce the accident with possible tragic outcomes, affecting not only the operator/driver.
The study shows the importance of reducing whole body vibration in improving reaction times of the drivers and operators. It is typically difficult to quantify the influence of increased reaction times on actual vehicle operation but one simple example can be used to illustrate potential dangers. For example, the biggest overall difference in reaction time to the stimuli of the same nature was 83 ms for sound stimuli (277 ms at the beginning of the test at 0 Hz and 360 ms at the end of the test at 5 Hz). If the driver is to take an evasive action (braking or steering) whilst driving on the motorway at the speed of 130 km/h, this corresponds to a covered distance of 2.77 m. Such a distance can be very important in preventing an accident or reducing the consequences. It should be taken into consideration that the time of exposure was relatively short (30 minutes). Moreover, all subjects were young, healthy and fit.
In relative terms, the increase in reaction times can be probably best illustrated in the following manner:
 Within the vibrations of the same frequency and stimulus method, the increase is typically about 5 to 10 % within 30 minutes test.  Within the same time periods, differences between 0 Hz and 5 Hz are most pronounced, being in the order of 25 %  Maximum increase in average reaction time has been measured between 'visual, 0 Hz, 0 min' and 'audio, 5 Hz, 30 min', being as high as 72%. The influence of alcohol was not of mainstream importance of the research conducted. Nevertheless, the measurements conducted only without vibration showed relatively modest but consistent increase of response times. It is important pointing out that the reaction times are only one measure of safe driving. It is well established that alcohol consumption is detrimental to the ability to analyse and judge situations (in particular sudden critical changes in circumstances), the ability to conduct complex manoeuvres safely, at the same time increasing the intent of taking higher risks.
Further investigation can be focused on optimising the vehicle suspension system [43] [44] [45] (whether it is passive, semi-active or active) to reduce the WBV in general, or to attenuate the chosen frequencies of WBV. Another direction for further investigation is to study the effects of vibration distribution on operator's body taking into account arm and leg vibration, as body parts have different resonance frequencies and can influence the driver/operator activities and fatigue in different ways.
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